A rrestins are a family of proteins that are crucial for cellular signaling and regulation of GPCRs, the largest class of human membrane protein receptors
1
. GPCRs transduce diverse extracellular signals, such as hormones and neurotransmitters, into physiological responses through the activation of intracellular heterotrimeric G proteins, which in turn regulate the production of second messengers to orchestrate different downstream signaling cascades 2, 3 . Subsequent receptor phosphorylation by GPCR kinases (GRKs) recruits arrestins, resulting in GPCR desensitization and/or internalization 4, 5 (Fig. 1a) . In addition to this regulatory role, arrestins are increasingly thought to link GPCRs to G-proteinindependent signaling cascades, such as through mitogen-activated protein kinases (MAPKs) 6 . Although there are over 800 different human GPCRs, the human genome encodes only four arrestin genes to regulate the receptors. All four arrestin types share a common protein fold comprising an N-terminal domain and a C-terminal domain, each of which is made up of a seven-stranded β -sandwich. Despite this structural similarity, there are important functional distinctions: arrestin-1 and arrestin-4 (the 'visual' arrestins) are specific for rhodopsin and cone opsins, respectively, whereas arrestin-2 and arrestin-3 (β -arrestin 1 and 2) are ubiquitously expressed and interact less specifically with the majority of GPCRs 2 .
The interaction with activated and phosphorylated receptor converts arrestin to its active state. Among the many aspects of arrestin activation that have been well studied 7 , it has recently been discovered that different patterns of phosphorylation on the receptor (termed the 'phosphorylation barcode') mediated by GRKs can induce distinct arrestin conformations, which are capable of mediating specific functions, such as internalization, desensitization, and downstream signaling 8, 9 . In addition, it has recently been shown that G proteins and arrestins can simultaneously bind to a GPCR 10 .
In these supercomplexes, arrestin interacts with the receptor only through the receptor's phosphorylated C terminus (C-tail engaged complex). Notably, the 'tail' conformation of the GPCR-arrestin complex is fully capable of mediating receptor endocytosis, ERK binding, and activation, but not desensitization, of G protein signaling 11, 12 . Instead, a fully engaged GPCR-arrestin complex is required to quench G protein signaling 12, 13 . Structural studies of arrestin have revealed three conserved motifs that maintain the inactive state of arrestin (Fig. 1b) : the three-element interaction (TE), consisting of α -helix 1, β -strand 1, and the C-terminal tail; the polar core; and a number of hydrophobic inter-domain interactions 7 . Current models of arrestin activation and binding to GPCRs suggest a multistep process in which arrestin first engages with the phosphorylated C terminus of the receptor 7, 14, 15 . This disrupts the three-element interaction, resulting in release of the C-terminal tail of arrestin 15 . This in turn destabilizes the polar core, leading to a major conformational change of arrestin that is required to form the fully engaged GPCR-arrestin complex 15 . One of the most prominent changes is a movement of the finger loop (connecting strands S5 and S6), which in the fully engaged GPCR-arrestin complex inserts into the crevice of the activated receptor and undergoes a disorder-to-order transition to adopt a helical conformation 16, 17 . Despite these observations, the molecular mechanism by which different phosphorylation patterns on the receptor yield different arrestin conformations, which mediate distinct functional outcomes, has remained elusive. Furthermore, the transition from the inactive state to the tail-engaged or fully engaged GPCRarrestin complex seems to have an important regulatory role in determining arrestin functions 18 . However, the exact mechanism by which this transition occurs remains unclear. Recent structure determinations have made it possible to address these questions. 
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Arrestins regulate the signaling of ligand-activated, phosphorylated G-protein-coupled receptors (GPCRs). Different patterns of receptor phosphorylation (phosphorylation barcode) can modulate arrestin conformations, resulting in distinct functional outcomes (for example, desensitization, internalization, and downstream signaling). However, the mechanism of arrestin activation and how distinct receptor phosphorylation patterns could induce different conformational changes on arrestin are not fully understood. We analyzed how each arrestin amino acid contributes to its different conformational states. We identified a conserved structural motif that restricts the mobility of the arrestin finger loop in the inactive state and appears to be regulated by receptor phosphorylation. Distal and proximal receptor phosphorylation sites appear to selectively engage with distinct arrestin structural motifs (that is, micro-locks) to induce different arrestin conformations. These observations suggest a model in which different phosphorylation patterns of the GPCR C terminus can combinatorially modulate the conformation of the finger loop and other phosphorylation-sensitive structural elements to drive distinct arrestin conformation and functional outcomes.
Over 18 arrestin structures are available in different conformations, including the inactive, pre-activated (p44 splice variant), phosphopeptide-bound, receptor-bound, and clathrin-bound conformations (Fig. 1 , Methods, and Supplementary Table 1) . We performed a systematic analysis of all of the available arrestin structures and introduced a common arrestin numbering (CAN) system to simplify the comparison of different arrestins and their functional regions. Integration of this information with sequence and structural data enabled us to trace the structural rearrangements that govern the transitions between arrestin functional states at the level of single residues.
Results
Residue contact network analysis of arrestin protein structures. The analysis of non-covalent contacts between amino acids in protein structures (residue contact networks, RCNs) is a systematic way to compare every single residue contact in a protein and allows for rapid and unbiased comparison of multiple protein structures to detect small structural differences [19] [20] [21] [22] [23] [24] [25] . In these networks, nodes represent amino acid residues, and edges between nodes denote non-covalent contacts between the corresponding residues. Hence, conformational states of proteins can be represented as networks of residue contacts, and conformational changes correspond to rearrangements of contacts in these networks.
We compared contacts between topologically equivalent residues of different arrestin structures using a common arrestin numbering (CAN) system, which was developed using an approach that we used for G proteins (Fig. 2a and Supplementary Dataset 1) 23 : A structural alignment of all arrestin structures was linked to a sequence alignment of additional arrestin sequences (Methods). With this, each arrestin position is referred to by a common identifier, which consists of three parts (D.S.P): the first part corresponds to the domain (N or C), the second part corresponds to the secondary structure element (SSE) and the third corresponds to the position within the corresponding SSE (Fig. 2a) . The CAN defines 19 β -strands, denoted N.S1-C.S19, and one α -helix (N.H1). Each loop was named by lowercase letters indicating flanking SSEs; for instance, the CAN for the finger loop is N.s5s6, as it is within the N domain, between strands S5 and S6. The border between the N and C domains was defined as the end of strand 10 (N.S10). The CAN is added in superscript to a residue: for example, Phe9 in bovine arrestin-2 (that is, β -arrestin-1; for example, PDB 1G4R) corresponds to Phe9 N.S1.2 (second residue within the first strand of the N domain). The equivalent residue in bovine arrestin-1 (for example, PDB 1AYR) is Phe13 N.S1.2 . We determined the RCNs (Methods) of 18 arrestin structures. In combination, all of the residue contacts of a particular protein structure represent a 'contact fingerprint' that is typical for that protein and its conformation 24, 26 . Clustering protein structures by their contact fingerprints allows for an unbiased classification of distinct conformational states. The arrestin structures cluster into two major groups: an inactive state (13 structures; Methods) and an active state (5 structures). In the cluster of active state structures, the vasopressin-2 receptor phosphopeptide 14 (V 2 Rpp)-bound arrestin forms a subcluster with the inositol-hexakisphosphate-bound arrestin 27 . The fact that these two structures appear to have similar contact fingerprints suggests that the phosphorylation-dependent mechanism of arrestin activation is conserved irrespective of the source of phosphates. Another subcluster in the active state is formed by GPCR-bound arrestins and the p44 splice variant. The method also clearly separates visual and non-visual arrestins into subclusters in the inactive state cluster, and rod and cone arrestins branch separately in the visual arrestin subcluster ( Supplementary  Fig. 1 ). Thus, the approach of investigating contact fingerprints is suitable for studying the structural basis of differences in function of visual and non-visual arrestins ( Supplementary Figs. 2 and 3 , and Supplementary Dataset 2). By identifying contacts that are present in all of the structures of a particular conformational state (Methods), we generated a 'consensus contact network' for each state (Fig. 2b) . Comparison of consensus residue contacts across the different states of arrestin allows systematic inference of contacts that are shared by all of the conformational states (that is, active and inactive) and hence represent the conserved structural scaffold of the arrestin fold; contacts that are unique to a particular state and thus important for conformation-specific arrestin function; and variable contacts that are unique to each protein structure (Fig. 2c ). This dataset (Supplementary Dataset 3) offers a comprehensive, quantitative characterization of all of the available arrestin structures and sequences, and can be used to address questions such as uncovering the structural differences between visual and non-visual arrestins at the molecular level. We focused on identification of conserved structural motifs that are reorganized following arrestin activation. Consistent with previous studies, we found major structural rearrangements in the consensus contact network involving the polar core, the three element, and the inter-domain interaction motifs 7, 28 . Using this approach, we detected a previously uncharacterized motif that appears to control movement of the finger loop and has an important role in arrestin activation by interacting with phosphorylated receptor residues.
An ionic lock controls release of the finger loop. The finger loop, which links the fifth and sixth sheets of the N-terminal domain . Left, to compare different arrestins, each arrestin residue is described at three levels: domain (D), secondary structure element (S), and position in the secondary structure element (P). Right, the CAN was derived through structural alignment of all arrestin structures, from which the consensus secondary structure was determined. b, Consensus RCN analysis of arrestins. Non-covalent interactions between all residues in each arrestin structure were calculated (contact fingerprints) to group arrestin structures according to their signaling state (fingerprint clustering; Supplementary Fig. 1 ). For each group (signaling state), the fingerprints can be transformed into consensus contact networks, where nodes represent amino acid positions according to the CAN and edges represent non-covalent contacts present in that state. Sequence data were used to identify nodes (residues) that were conserved. c, Number of contacts that are unique or shared between the different signaling states of arrestin.
of arrestin, is known to be important for interacting with the activated receptor 16, 29 . The consensus contacts that were unique to inactive state arrestin revealed a conserved structural motif in the finger loop that is formed by a set of residue contacts between highly evolutionarily conserved negative charges (EDXD; N.s5s6.3, N.s5s6.4, N.s5s6.6; 76%, 93%, and 91% sequence identity in > 50 arrestin sequences covering a diverse range of species; Methods) and two conserved arginines in the β -sheets S5 and S6 of the N domain (N.S5.11, N.S6.2; 96% and 91% sequence identity) ( Fig. 3a-c) . In the inactive state of arrestin, these ionic contacts appear to lock the finger loop into a conformation in which it folds back onto the surface of the N domain. In this conformation, the finger loop residues are presumably prevented from interacting with the activated receptor.
This 'ionic lock' of the finger loop was observed in all 11 inactive state structures ( Supplementary Fig. 4a ). However, in some structures with multiple chains in the asymmetric unit, the lock was broken in some of the chains. By analyzing the inter-chain residue contacts between different monomers in such asymmetric units, we found that this was a result of structural distortions arising from crystal packing contacts of the finger loop (which has been ascribed to be an effect of dimer formation of the inactive state of arrestin) 30 . To ensure that no other crystal lattice contacts interfere with the finger loop, we also compared residue contacts between protein chains of neighboring crystal units for all of the investigated structures (see Supplementary Table 2 for full details). We found that the lock was indeed engaged in all of the arrestin chains of the inactive conformation, and only chains in which this region was involved in crystal packing tended to have slightly deviating conformations ( Supplementary Fig. 4b,c) . In contrast, in all of the active state structures (both in all active structures not bound to a GPCR and active structures in complex with GPCR, where the finger loop adopts a helical conformation), the finger loop is present in an open (extended) conformation. Direct experimental analysis of the finger loop position in tail-engaged and fully engaged receptor-β -arrestin-1/β -arrestin-2 (arrestin-2/arrestin-3) complexes using bimane fluorescence spectroscopy further supports the existence of multiple finger loop conformations and a conformational transition during this biphasic interaction (Supplementary Fig. 5 ; formation of the tail-engaged complex followed by the fully engaged complex with the receptor). We analyzed the interactions between the V 2 R phosphopeptide (V 2 Rpp) and β -arrestin-1 and β -arrestin-2, mimicking the tail-only engaged receptorarrestin conformation. Interaction of V 2 Rpp with β -arrestins labeled with monobromobimane (mBBr) in the finger loop resulted in an increase in fluorescence intensity. This suggests that the ionic lock is disrupted and the finger loop is released. We then analyzed the interactions of β -arrestin-1 and β -arrestin-2 with the active (agonist-bound) and phosphorylated receptor (β 2 V 2 R, a chimeric β 2 -adrenergic receptor that harbors the V 2 R tail). Interaction of the receptor with β -arrestins labeled with mBBr in the finger loop led to a significant decrease in bimane fluorescence arising from the quenching effect as a result of the core interaction between the receptor and the finger loop (P < 0.01 for β -arrestin-1 and P < 0.001 for β -arrestin-2; Supplementary Fig. 5 ).
Earlier studies using electron paramagnetic resonance (EPR) spectroscopy reported immobilization of spin labels in the finger loop when arrestin-1 interacts with inactive phosphorylated rhodopsin, which is further enhanced if rhodopsin is both activated and phosphorylated 31 . In arrestin-2 (β -arrestin-1), however, the spin label appears to already be strongly immobilized even when arrestin interacts with inactive phosphorylated receptor, with little increase if the receptor is both active and phosphorylated 32 . This suggest that the finger loop, once released by arrestin interaction with receptorattached phosphates, is able to engage with the receptor regardless of its activation state. Furthermore, double electron-electron resonance (DEER) spectroscopy revealed a dominant population of arrestin-2 (β -arrestin-1) with a distance between L68C (in the finger loop) and V167C (on the surface of the N-domain) of ~20 Å in the free state. When activated phosphorylated receptor was added, another population emerged with a distance of ~45 Å between L68C and V167C 33 . Although we observed the finger loop to be in a locked state in the crystal structures, our data indicate that, in vivo, it has to be in equilibrium between the locked and open states (that is, 'statistically' dynamic) to allow opening of the finger loop following interaction with phosphates. In other words, the loop can sample different conformations, but interaction with the phosphorylated tail of the receptor will increase the probability of breaking the lock and releasing the finger loop, and consequently forming a helix in the fully engaged receptor-bound state. Thus, finger loop conformations (bent conformation in the inactive state and released to interact with the receptor) are likely linked to engagement of the receptor C-tail with β -arrestin and further stabilization following interaction with the activated receptor core. Regulation of the ionic lock by receptor phosphates. Which elements of the receptor C-tail trigger the conformational transition of the finger loop? Given that receptor-attached phosphates are known to be important for arrestin activation, we sought to investigate a potential link between receptor phosphorylation and finger loop conformation. To this end, we identified all of the arrestin residues that interacted with receptor-attached phosphates on the basis of the existing structures. Notably, we found that the conserved arginine (N.S5.11; see above) of the ionic lock interacts with a phosphate in the phosphopeptide-bound structure. Thus, phosphorylation of the receptor appears to break the ionic finger loop lock by competing with the EDXD motif of the finger loop for one or both arginines in the N domain of arrestin. These receptor-attached phosphates could release the finger loop into an 'open conformation' that can interact with the receptor (Fig. 3c) . If this were true, one should expect that mutating one or both arginines of the finger loop lock would mimic the effect of receptor-attached phosphates by pre-releasing the finger loop, thereby increasing the affinity of arrestin for the receptor. To investigate this, we obtained data from two independent alanine scanning mutagenesis studies on arrestins 29, 34 , in which every arrestin residue was mutated into alanine and binding to the receptor was measured. We then mapped the mutation effects on the residues from the finger loop lock. As expected, we found that mutating R N.S5.11 into alanine markedly increased the binding affinity of the mutated arrestin for the receptor, similar to mutations in the polar core and the TE interaction. However, mutating R N.S6.2 only resulted in increased affinity in one of the studies and had no effect in the other study (Supplementary Fig. 6 ; see the Methods for a discussion of potential reasons for this discrepancy). Although mutations of the EDXD motif would be expected to pre-release the finger loop, they might interfere with finger loop interaction with the receptor as it forms part of the receptor-arrestin interface. Thus, it is no suprise that mutations in this region do not appear to strongly increase affinity for the receptor.
Different phosphorylated GPCR regions regulate distinct arrestin motifs. We next sought to investigate whether similar behavior could be observed in other arrestin residues that interact with receptor-attached phosphates. To address this question, we mapped Three structural motifs (bottom, TE interaction; middle, polar core; top, finger loop lock) are able to induce conformational change on arrestin following interaction with the phosphorylated receptor tail. For each structural motif, the inactive and active state consensus networks, as well as a structure representation of the active state, are shown (circles, arrestin residues; red and blue, negatively and positively charged, respectively; orange squares, receptor phosphates). The effect of alanine mutations of motif residues on formation of the receptor-arrestin complex is shown as a bar chart (right). Arrestin residues are sorted on the basis of the position of the phosphate that they interact with (top, proximal, closer to receptor helix 8; bottom, distal from helix 8; left). the mutation effect on every arrestin residue that was identified to interact with phosphates (Fig. 4) . We found that mutating several positions decreased arrestin binding to the receptor, suggesting that these residues might contribute to affinity by providing an electrostatic patch that interacts with the phosphates. Notably, we found three clusters of residues on arrestin that, when mutated to alanine, increased the ability of arrestin to bind to the receptor. Moreover, a majority of these positions do not directly form a part of the fully engaged receptor-arrestin interface. Taken together, these findings suggest that mutating these positions likely induces conformational changes at the interface position on arrestin, thereby facilitating binding to the receptor. These clusters of residues that increase binding contain residues that form part of the finger loop lock, residues from regions surrounding the polar core, and the TE interaction. This suggests that alanine mutations at these positions likely alter the conformations of key structural motifs, which act as inactive state locks, to mediate better interaction with the receptor, possibly mimicking the binding of distinct receptor-attached phosphates.
Analysis of the phosphopeptide-bound arrestin structure revealed a pattern of distribution of phosphate groups in which the proximal phosphates on the receptor appear to break the ionic finger loop lock, while the more distal phosphates interact with residues surrounding the polar core (for example, K N.s8s9.9 interacts with a phosphate that disrupts its contact with Y N. S5.12 ) and the TE residues, disrupting conserved contacts that stabilize it, such as those between strand 1 and the C-tail (V N.S1.1 -K C.s19c.42 and K N.S1.1 -E C.
s19c.43 ). Thus, different phosphorylated regions of the receptor C-tail (proximal or distal) appear to preferentially engage with distinct structural motifs on arrestin. Taken together, these observations suggest that different combinations of phosphorylation of receptor residues can lead to selective engagement and disruption of each of these structural motifs, thereby introducing distinct conformations of arrestin (Fig. 4) .
Discussion
It has been suggested that different phosphorylation patterns of GPCRs induce arrestin conformations that are capable of performing distinct functions. Notably, a tail-engaged and a fully engaged GPCR-arrestin complex have been observed. It has recently been shown that, in the 'tail conformation' , G proteins and arrestins can simultaneously bind to a GPCR 10 . Which factors modulate the transition between the tail-and fully engaged complexes is less well understood. In this analysis, we identified a new arrestin regulatory structural motif and suggest a molecular mechanism by which phosphorylation at different receptor positions by kinases could mediate distinct arrestin conformations. Furthermore, distinct regions on the receptor tail appear to preferentially engage with distinct structural motifs that are characteristic of arrestin conformational states. Together, these regions and motifs could influence arrestin activity and determine whether a tail-or fully engaged GPCR-arrestin complex is formed, resulting in different functional outcomes. In particular, the inactive state of arrestin is maintained by a set of conserved structural motifs: the TE interaction, the polar core, and the here-identified finger loop lock (Fig. 5) . Given that these motifs are distributed across the arrestin surface and can be disrupted by phosphorylated residues on the receptor, different GPCR phosphorylation patterns could disrupt them in a combinatorial manner, thereby inducing distinct conformational changes in arrestins. If the receptor C terminus is phosphorylated only on the positions that break the TE interaction and the polar core (the 'distal' phosphates), arrestins would be capable of binding to the receptor tail, internalization, and G-protein-independent downstream signaling. However, because the finger loop lock is still 'locked' , arrestins are incapable of forming the fully engaged complex and therefore cannot desensitize G protein signaling. Thus, distal phosphorylation of GPCR tails is also compatible with the formation of GPCR-G protein-arrestin supercomplexes and signaling from intracellular compartments.
On the other hand, in addition to the distal phosphates, GPCRs can also be phosphorylated at positions that could break the finger loop lock ('proximal' phosphates, closer to receptor helix 8). These proximal phosphates might have a modulatory role by interacting with the new structural motif identified here, thereby being involved in switching arrestin to form the fully engaged GPCR-arrestin complex. In this case, G protein signaling would be quenched as a result of steric hindrance and formation of GPCR-G protein complexes and signaling from intracellular compartments might not be possible 35, 36 . In addition to receptor-attached phosphates, recent studies have suggested a mechanism for receptor-independent arrestin activation by the binding of two molecules of inositol hexakisphosphate (IP 6 ) 27 . Notably, in the refined version of the fully engaged, receptorbound complex (PDB 5W0P), the proximal phosphates are missing and the receptor tail seems more distant from the finger loop, which is already in its 'open' conformation. This may be because, for the initial engagement with arrestin, the phosphorylated receptor tail could function as an 'interaction hotspot' that is mainly driven by electrostatic interaction to increase the probability of receptor-arrestin colocalization. If the receptor C terminus is proximally phosphorylated, the finger loop would be 'pre-released' to allow subsequent formation of the fully engaged complex, eventually displacing the proximal phosphates during arrestin engagement with the receptor core. Thus, the proximal phosphates are placeholders for the finger loop until the receptor binds and the long receptor tail increases the probability of pre-recruiting arrestin. This scenario would suggest that the two active state structures (tail engaged and fully engaged) represent two steps in a sequential model of arrestin activation, where tail engagement precedes full engagement and can explain pre-complex formation that has been observed before 15 . Furthermore, although the distal part of the GPCR C terminus is precisely positioned to break the polar core and the TE interaction, thereby facilitating arrestin activation, there could be multiple conformations of the proximal part of the C terminus (supported by superposition of the tail-engaged and fully engaged structures) that weakly interacts with distributed charges on the surface of the arrestin N domain, thereby forming an ensemble of conformations. Such a phenomenon is often observed for disordered protein regions (often referred to as fuzzy complexes) 37, 38 , which tend to be dynamic in different timescales and may not be captured in simulation studies.
It should be noted that, in the fully engaged complex, the proximal sites of the GPCR C-tail are not phosphorylated, which may also explain the different conformation while still forming the fully engaged complex, as arrestin has been mutated to mimic the fully activated state. The differences could also be a result of the fact that the rhodopsin-arrestin structure is a covalent fusion of the two proteins, which might impose some constraints on arrestin conformation. Moreover, both the receptor and arrestin are of different subtypes in the two structures (rhodopsin-arrestin-1 and V2Rpp-β -arrestin-1). Notably, there is a difference in the number of phosphate groups present on the receptor C-tail in the two structures, which could also affect its conformation.
Alanine scanning mutagenesis suggests that the finger loop motif is important for arrestin binding to the receptor, whereas mutation of the region in which the proximal phosphates bind in the fully engaged structure do not affect complex formation 29 . Although rhodopsin lacks the phosphorylation sites that break the finger loop lock in non-visual arrestins, a conserved set of negative charges (DDE) is found at the equivalent position in the C-terminal tail. These negative charges might be involved in opening the finger loop in visual arrestin and might be a factor for the differences observed in the activation of visual and non-visual arrestins 35, 36 . For instance, these negative charges might make arrestin more prone to induce the fully engaged complex, thereby increasing the rate of desensitization.
In addition, some variants of arrestin, such as the p44 splice variant and squid arrestin, have the capacity to bind receptors independently of receptor phosphorylation status 39 . The p44 splice variant lacks part of the C-tail that stabilizes the TE interaction and polar core and is likely already in a pre-activated state capable of binding the receptor (which may or may not include destabilization of the finger loop lock). This is also supported by clustering results from the residue contacts of the p44 structure ( Supplementary Fig. 1 ), which place p44 closer to the fully engaged complex. Although the finger loop motif is present in the squid arrestin sequence, it is unclear how the phosphorylation-independent binding is achieved. It has previously been speculated that this could arise as a result of a difference in the receptor, as the squid rhodopsin contains a cluster of nine negatively charged residues in the C-tail that could mimic the role of phosphates 39, 40 . The mechanism proposed here suggests distinct roles for the proximal and distal phosphates on the GPCR C-tail. Such a mechanism provides a framework that can explain why and how different GRK-mediated phosphorylation of specific receptor residues regulates arrestin functions by distinct phosphorylation patterns. Thus, phosphorylation-sensitive structural motifs on arrestin seem to function as micro-locks that are distributed across the arrestin surface and can be unlocked by different phosphorylation patterns (Fig. 5) , suggesting a structural basis and a mechanistic link between the phosphorylation barcode and distinct downstream functional outcomes.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41594-018-0071-3.
Common Arrestin Numbering. The CAN system was developed for the systematic comparison of topologically equivalent residues across different protein structures and sequences of different arrestin subtypes, following our previously published protocol 23 . For each position in the alignment, the CAN assigns a common name which consists of three parts: the domain (D), the secondary structure element (S) within which the residue is located, and the position within the particular secondary structure element (P). The boundary between domains is at the end of strand X (N.S10). This assignment of each residue position and its secondary structure element is based on a structural alignment of all chains of all arrestin structures constructed using Mustang 41 . For this alignment, the consensus secondary structure was computed for each alignment position. This was done by using the STRIDE algorithm to consistently assign secondary structure for each arrestin structure. The most prominent secondary structure type at each topologically equivalent position of all arrestin structures (mean and s.d. of secondary structure type at each CAN position) was defined as consensus secondary structure (SSEs). The consensus SSEs were validated using a 3D-structure alignment. There are 19 strands, 1 helix, and 21 loops. To map arrestin sequences without structural information to the CAN, sequence alignments of different arrestin orthologs were mapped to the structural arrestin alignment. Orthologous sequences of arrestin were identified through JACKHMMER 42 searches against the Uniprot database (e-value cutoff 0.001 and sequence length match of at least 70% for both forward and reverse searches). Representative orthologs from major animal lineages were considered, and a multiple-sequence alignment was constructed using MSAProbs 43 and further manually refined based on a structural arrestin alignment to arrive at the final alignment.
Residue Contact Network analysis. Non-covalent RCNs. The topology, conformation and stability of a protein structure can be captured by its non-covalent contacts between amino acids 20 . For each of the 18 arrestin structures 14, 16, 17, 27, 30, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] (11 inactive structures, two structures in a pre-activated state (phosphopeptide-bound arrestin, inositol hexakisphosphate-bound, and the p44 splice variant), two structures of activated arrestin in a fully engaged complex with the receptor core, and two clathrin-bound arrestin structures; see Supplementary Tables), van der Waals interactions between residues, as well as non-canonical interaction such as π -π stacking, were determined as previously described 23 using a local version of RINerator 0.5 56 , PCA 57 , and NCI
58
. All calculations, analysis, and processing were performed in R.
RCN fingerprinting and clustering. RCNs of each PDB structure were clustered using hierarchical clustering with complete linkage and Pearson correlation as the distance measure between the fingerprints. Based on the clustering results, each arrestin structure was assigned to one of two signaling states: (1) an inactive state and (2) an active state. The two clathrin-bound structures clustered with the inactive structures, and we excluded them from the 'consensus RCN' of the inactive state (see below). Altogether, we analyzed 11 structures in the inactive state and 5 structures in the active state: the p44 splice variant (4J2Q), phosphopeptidebound arrestin (4JQI), rhodopsin-bound arrestins (4ZWJ, 5W0P), and inositol hexakisphosphate-bound arrestin (5TV1). One structure (4ZRG) contains a mutation in the polar core region (R175E) and was thus excluded from the analysis. In addition, the structure of the finger loop peptide bound to rhodopsin (4PXF) was excluded from the analysis as it did not contain a full-length arrestin.
All motifs described in the manuscript are conserved even in the evolutionarily distant tiger salamander structure (PDB 1SUJ), where the finger loop lock is also found in a bent conformation. In addition, we identified corresponding residues in human and tiger salamander cone arrestins using the structure of phosphorylated vasopressin peptide-bound β -arrestin-1, the arrestin-rhodopsin complex structures, and the CAN system. We found that 17 of 19 arrestin positions that interact with receptor-attached phosphates and 22 of 27 interface residues that interact with the receptor helix bundle are identical between human and tiger salamander cone arrestin. Thus, the identified motifs were conserved even in more distantly related receptor-arrestin interactions.
Consensus RCNs. To generate the consensus RCNs, only contacts that were present in all chains of a particular structure were considered. Subsequently, for each signaling state, contacts that were present in all structures in the particular signaling state were defined as consensus contacts. These two filtering steps help to increase the stringency of the contact definition and reduce noise from contact networks.
Mapping contacts to structure. To study the reorganization of residue contacts in the different conformational states of arrestin, the RCytoscape interface was used to export consensus RCNs from R to Cytoscape. To visualize consensus contacts in 3D, structure coordinate files were created to show Cα atoms as spheres and residue contacts as lines between them using PyMol (The PyMOL Molecular Graphics System, Version 1.5.0.4, Schrödinger).
Alanine mutagenesis data. Results from two independent full alanine mutagenesis screens of arrestin-1 29,34 validate our observations. The data were mapped to CAN to assign them to residues in the consensus networks. The mutation effects are shown as percentages relative to wild type (wild type is 100%). In ref. 29 , both R66 (N.S5.11) and R80 (N.S6.2) show enhanced binding to receptor upon mutation into alanine. In ref. 34 , the authors measure binding of mutant arrestins to both Meta-II-P rhodopsin (phosphorylated and ligand-bound rhodopsin) and Ops-P (phosphorylated receptor with no ligand bound). In our analysis, we only used data for binding to Meta-II-P, which show that mutation of R66 increases binding to the receptor relative to wild type, while mutation of R80 has no effect. In ref. 34 , buffer conditions for pulldown experiments were changed, and receptors are phosphorylated more as compared to ref. 29 . This is the reason why wild-type arrestin has higher baseline binding affinity in ref. 34 . Thus, different buffer conditions and higher phosphorylation levels might minimize the effect of single-residue mutations.
Arrestin subtype analysis. To study differences between visual and β -arrestins, we generated contact fingerprints of 11 inactive state arrestin structures by considering contacts present in 75% of the chains of a particular structure. For the analysis, we did not consider clathrin-bound arrestin structures. The analysis included five structures of visual arrestins: 1AYR, 1SUJ, 1CFL, 3UGU, 3UGX, and 6 structures of β -arrestins: 2WTR, 1JSY, 1ZSH, 3P2D, 1G4M, and 1G4R. Altogether, there were 185 contacts present only in visual arrestin structures, 721 contacts present in both visual and β -arrestins, and 142 contacts present only in β -arrestins. To identify conserved contacts that are unique to visual arrestins, we considered contacts present in more than 80% (that is, 4 of 5) structures of visual arrestins, but absent from β -arrestin structures. Likewise, to identify conserved contacts unique to β -arrestins, we considered contacts present in more than 80% (that is, 5 of 6) structures of β -arrestins, but absent from visual arrestin structures. This resulted in 35 contacts unique to visual arrestins and 16 contacts unique to β -arrestins.
In addition, we performed a sequence-based analysis to identify subtypespecific residues 25 in arrestins. For each human arrestin subtype, an alignment of orthologous sequences, obtained from the Orthologous Matrix Database 59 , was constructed using the MUltiple Sequence Comparison by Log-Expectation (Muscle) software. To identify arrestin subtype-specific sequence motifs, the consensus sequence of each alignment was determined using R (default cutoff 90% sequence identify; varying cutoffs to ensure robustness of identified residues). An alignment of the consensus sequences was used to identify residues (1) conserved across all arrestins (conserved in orthologous alignment and conserved in consensus alignment), (2) residues specifically conserved in an arrestin subtype (conserved in orthologous alignment, different in consensus alignment), and (3) residues that are neutrally evolving (not conserved in ortholog alignment). This allows identification of residues that are specifically conserved in an arrestin subtype and allows, for instance, studying differences in visual and non-visual arrestins (Supplementary Dataset 2) .
Link to interactive analysis of arrestin orthologs and paralogs to identify subtype-specific sequence patterns: https://tilman.shinyapps.io/ ArrestinSubtypeViewer/.
The server shows an alignment of the consensus sequence of each arrestin subtype (obtained from an alignment of close orthologs), the human arrestin sequences and the overall arrestin consensus sequence. Colors denote different conservation types 25 . The threshold for calculating the consensus sequence of orthologs and paralogs can be adjusted.
Bimane fluorescence assay. Bimane labeling of purified β arr1 L68C and subsequent fluorescence spectroscopy experiments have been described previously 11, 12 . The coding sequence of the analogous β arr2 mutant for the bimane assay, referred to as β arr2 L69C , was synthesized (Genscript) and subcloned into pGEX4T-1 plasmid. β arr2 L69C was purified essentially following the same protocol as for β arr1 L68C except that it was collected in the flow-through of Q-sepharose anionexchange chromatography, and it was bimane labeled using the same protocol as for β arr1 L68C . V 2 Rpp was synthetized by the Tufts University Core Facility as described previsouly 14 . Activated and phosphorylated β 2 V 2 R was purified using baculovirus-mediated expression in Sf9 cells as described previously 11 . For bimane fluorescence assays, labeled β arr1 L68C or β arr2 L69C proteins (in 20 mM HEPES, pH 7.4, 100 mM NaCl, 0.01% MNG) were mixed with either V 2 Rpp or β 2 V 2 R at a 1:3 molar ratio, and incubated for 1 h at room-temperature (25 °C). Subsequently, bimane fluorescence was measured using a Fluorometer (Perkin Elmer, model LS-55) in photon counting mode as described previously 11 . Data were normalized and plotted as indicated in the figure legend.
Reporting Summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
Code availability. All packages and publicly available computer code are described in the Methods section of this manuscript. For availability of codes that were developed in house, please contact the corresponding authors.
Data availability. All data generated during this study are included in this article and its supplementary files or are available from external sources: all protein structure data analyzed in this study are available in PDB (list of identifiers and references provided in Supplementary Table 1) . Mapping of CAN to available PDB structures is given in Supplementary Table 3 . Source data for bimane fluorescence in Supplementary Fig. 5 are available with the paper online. The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information. All studies must disclose on these points even when the disclosure is negative.
Sample size 4-5 (mentioned in the figure legend for Figure S6 ). The samples were measured as independent experimental replicates i.e. on different batches of purified protein on different days. Hence, n=4-5 is sufficient and reveal statistical significance.
Data exclusions One protein structure (PDB ID 4zrg) contains a mutation in the polar core region (R175E), and was thus excluded from the analysis.
Additionally, structure of the finger loop peptide bound to rhodopsin (PDB ID 4pxf) was excluded from the analysis as it did not contain a full length arrestin.
Replication
The overall pattern of bimane fluorescence in all the experimental replicates were consistent and reproducible.
Randomization The samples were measured relative to each other, and in groups, in order to see the differences between V2Rpp vs. receptor conditions.
Randomization will make data identification and interpretation impossible.
Blinding
The samples were measured as independent experimental replicates i.e. on different batches of purified protein on different days. Hence, blinding was not required.
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